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ORIGINAL RESEARCH ARTICLE

Dimensional accuracy and surface roughness of
thin-wall geometries in laser powder bed fusion
of 316L stainless steel

Tianyu Zhang'® and Lang Yuan*

Department of Mechanical Engineering, Molinaroli College of Engineering and Computing,
University of South Carolina, Columbia, South Carolina, United States of America

Abstract

Thin-wall geometries produced by laser powder bed fusion combine high
manufacturing efficiency, design flexibility, and cost-effectiveness for specialized
applications. In such features, surface quality directly impacts dimensional accuracy
and functional performance. This study investigates the effects of laser power, scan
path, build orientation, and nominal gap distance on the top- and vertical-surface
roughness, surface features, and dimensional error (DE) of 316L stainless steel thin
walls. Optical microscopy was employed to characterize melt pool morphology and
surface characteristics. Increasing laser power enlarges melt pools, promotes lateral
migration, and induces dross formation on vertical surfaces, raising roughness and
DE. Incorporating a contour scan with an inward offset reduces the scanned area,
limits melt pool migration, and improves dimensional accuracy. Print orientation has
a negligible influence on DE under the tested conditions, while small gaps may close
entirely at high power due to large melt pools and migration. Compared to cubes
fabricated with identical parameters, thin walls exhibit rougher top surfaces at high
power, attributed to reduced track overlap, limited wetting from previous layers, and
powder redistribution near vertical edges, whereas vertical-surface behavior remains
similar. These findings provide practical guidelines for optimizing dimensional
accuracy and surface quality in thin walls through coordinated control of process
parameters and geometry.

Keywords: Additive manufacturing; Thin-wall structures; Surface roughness; Dimensional
accuracy; Melt pool migration

1. Introduction

Laser powder bed fusion (LPBF) has emerged as one of the leading metal additive
manufacturing processes, due to its geometric flexibility and ability to deliver
high-performance components.'* It is particularly advantageous for fabricating
unique thin-wall structures commonly used in industrial applications, such as turbines
and heat exchangers, to achieve optimal performance.*® In such features, side-wall
surface roughness and topography critically affect the dimensional accuracy, such as
the intervening feature distances’ and functional and structural performance.'*'* For
example, uneven surfaces increase the contact area between the fluid and the thin-
wall structures, thereby influencing heat transfer efficiency in heat exchangers.”*"
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Likewise, irregular channel morphologies modify fluid
resistance and permeability, affecting performance in
applications such as turbines and nozzles.'*"”

Prior research has shown that surface features
and roughness are strongly governed by fabrication
parameters.’*2° Feng et al.?! investigated the evolution of
surface features in overhang regions of 17-4 precipitation
hardening stainless steel. They reported that the dominant
downward surface features transitioned from powder
adhesion to powder clusters, warped deformation, and
dross formation as the overhang angle increased. A similar
progression was observed by Zhang and Yuan,” where
the domination feature shifted from bare melt tracks with
partially melted particles to pronounced dross as energy
density increased. In related parametric studies, Klingaa
et al.®* revealed that surface roughness and its variation
decrease with the increasing orientation angle due to a
reduction of sintered particles on the surfaces. Beyond
orientation angles, Gockel et al.*® investigated the effect of
contour power and speed on vertical surface roughness in
alloy 718 pillar samples, finding that higher scan speeds
promote melt pool instability and balling, thereby elevating
roughness. With a further understanding of contour-hatch
interactions, Patel et al.® demonstrated that contour and
hatch parameters have a comparable impact on side-skin
quality in Ti-6Al-4V cylinders through attached particles,
spatter, and balling.

To deepen the understanding of the factors influencing
dimensional accuracy and surface roughness in thin-wall
geometries, previous work has examined pulsed-laser
operation, geometric design, alloy composition, and
scan strategy. For example, Mumtaz and Hopkinson?
investigated the use of pulsed lasers on Inconel 625 in LPBE.
They revealed that a ramp-down pulsed laser improved the
top surface quality but negatively impacted the vertical
surfaces due to decreased viscosity and prolonged melting
times. In contrast, a suppressed pulsed mode lowers energy
input, reduces satellite formation, and improves vertical
surfaces. Jamshidinia and Kovacevic® reported an inverse
relationship between inter-wall gaps and roughness in
electron-beam-melted thin plates, attributing higher
roughness at small gaps to heat accumulation. Furthermore,
surface roughness increased with the thickness of the
powder layer between the walls. Examining three alloys,
Wu et al® demonstrated that thin-wall thickness is
alloy-dependent, governed by thermophysical properties,
material shrinkage, and inclination angles. Through in situ
X-ray imaging of multilayer single-track melt pools, Bhatt
et al® observed that bi-directional multilayer scanning
can lead to defects such as lapping and humping, which
increase surface roughness.

Although the influence of processing parameters
such as power and speed on vertical surface roughness
in bulk geometries (e.g., cubes) has been thoroughly
investigated, the relationship between surface roughness
and dimensional accuracy in thin walls, representing a
distinct class of additive manufacturing-preferred features,
remains underexplored.” Key engineering aspects,
including different scanning paths, orientations, and the
coupled relationships among wall thickness, inter-wall gap,
and dimensional error (DE), have yet to be systematically
investigated. This study addresses these gaps by examining
how LPBF process conditions affect vertical surface
roughness and dimensional accuracy in thin walls and
their intervening gaps. The underlying surface features and
their formation mechanisms are analyzed to identify the
root causes of surface roughness and their implications for
dimensional accuracy. Furthermore, while cubic samples
are often used for process parameters development,
this work further compares melt pool morphology and
surface quality between thin-wall and cubic geometries
under identical laser parameters, providing insights into
optimizing process parameters specifically for thin-wall
structures.

2. Methodology

Thin-wall specimens were designed with nominal
dimensions of 0.20 mm thickness, 3 mm height (height-
to-thickness ratio of 15 to 1), and 10 mm length. Each
build group consisted of three thin walls, producing two
intervening gaps of equal nominal width. All thin walls
were supported on a common base, as shown in Figure 1.

Gas-atomized 316L stainless steel powder (Carpenter
Technology, Germany) was used as the feedstock. The
chemical composition is presented in Table 1. The particle
size distribution ranges from 15 to 45 um, with an
average particle size of 30 um. Figure 2 shows the powder
morphology, emphasizing the sphericity of the powder.

Based on previous studies,’* an unstable cross-
sectional ellipse-shaped melt pool transforms into a
stable half-ellipse melt pool as the laser power increases
from 260 W to 620 W, at a constant laser scanning speed
of 1,466.6 mm/s in cube samples. Consequently, the top
surface quality improved with increasing power due to
the elimination of melt pool instability and discontinuity.
To investigate the impact of the melt pool morphology
on surface quality in thin walls, the same scan speed
(1,466.6 mm/s) was used with three power settings: 260 W,
440 W, and 620 W. For each power, three groups of thin
walls were fabricated under identical parameters within
each group, shown in Figures 1 and 3. To evaluate the effect
of gap distance on dimensional accuracy, three nominal
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Table 1. The nominal chemical composition (wt.%) of stainless steel 316L

Element Iron Nickel Chromium Oxygen Silicon Sulfur Phosphorus Nitrogen Carbon Molybdenum Manganese Copper

Wt%  Balance 127 17.7 003 062 001 0.01 0.10 0.02 2.36 0.65 0.02
260 W 440 W 620 W 800
600 [} n |}
3
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Figure 1. The thin-wall geometry design. Scale bar: 1 mm.

Figure 2. The powder morphology through scanning electron microscopy
of 316L stainless steel. Scale bar: 100 pm; magnification: 1000x.

inter-wall gaps were designed, namely, 0.2 mm, 0.4 mm,
and 0.6 mm (Figure 3).

As contour scans have been generally applied to control
the surface roughness, two scan paths were employed,
one with and one without contours. As illustrated in
Figure 4A, in Scan Path 1, only hatch scans were utilized,
where the hatch scans (red lines) extend to the geometry
boundary. In Scan Path 2, the hatch scans offset inward
by 50 um, followed by a contour scan along the boundary
using the same power and speed. In both scan paths,
successive layers were rotated by 90°. Two orthogonal
build orientations relative to the gas-flow/recoating

Thin-wall gap distance (um)

Figure 3. Experimental parametric design

direction were also tested: Parallel and perpendicular, as
shown in Figure 4B.

Sample names followed the format P*_G*_S*_R, where
P is power (W), G is gap distance (um), S is scanning path,
and R denotes perpendicular orientation to gas flow (e.g.,
P260_G200_S1_R indicates 260 W, Scan Path 1, 200 um
gap, and perpendicular orientation).

All builds were produced on an AconityMIDI LPBF
system (United States) equipped with a single-mode
fiber laser (maximum power 1,000 W). The laser spot
diameter and hatch spacing were fixed at 100 pm, with a
layer thickness of 30 um. Laser scans were conducted with
skywriting to minimize the impact of laser acceleration and
deceleration.” During the printing, an argon atmosphere
with oxygen levels below 100 ppm was maintained.
Each condition was printed in duplicates to validate
repeatability. All specimens were fabricated at ambient
room temperature.

To assess the melt pool behavior on the thin-wall
samples, top-down optical images were captured using
the Keyence VHX 5000 digital optical microscope (Japan).
An example is shown in Figure 5A. The samples were then
sectioned perpendicular to the top layer track direction,
followed by potting, polishing, and etching using a
solution of 75 vol% hydrochloric acid and 25 vol% nitric
acid for 15 s. Images were then acquired, offering a detailed
depiction of the surface features of the thin-wall geometry,
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Figure 5. Characterization of thin-wall structures. (A) The topography of thin walls from the top-down view, (B) cross-sections, (C) the binarized image of
(B), and (D) the continuous distribution map of average grey value along the x-axis based on (C). Scale bar: 200 um; magnification: 500x.

as shown in Figure 5B. The images were then binarized to
distinguish thin-wall and gap regions, as exemplified in
Figure 5C. An average continuous grey value distribution
along the x-axis was calculated and shown in Figure 5D.
The average wall thickness or gap distance was measured
from the average grey value 128 (half of the highest value
256). Multiple measurements were taken to account for
measurement error with the standard deviation, as marked
in Figure 5D. In addition to the dimensional measurements,
surface roughness of vertical surfaces, quantified by Ra
(arithmetic mean deviation of the roughness profile from
the mean line), was calculated from the side-wall profile
outlines, as expressed in Equation I:

Ra= %_(').|x(y)|dy D

where L means the nominal length of the outline, and
x(y) denotes the local deviation of the surface from the
mean profile position along the vertical (Y) direction. For
example, to calculate the Ra of the vertical line highlighted
in Figure 5C, the x-coordinate of the outline of the surface
was obtained directly from the binarized cross-sectional
image. Then, x(y) was calculated by subtracting the mean
values of all x values from the local x-coordinate. For each
process condition, the Ra values for six surface outlines
were calculated, and the mean value and its standard
deviation are reported. Note that the top-surface Ra was
not quantified in this study due to the inherent strong
stochastic variations caused by local melt pool instability
under thin-wall conditions.

For comparison, 10 x 10 x 10 mm?’ cube samples were
printed using the same laser parameters with a hatch
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spacing of 100 um and a hatch-contour offset of 50 wm
(Scan Path 2) and characterized identically to thin walls.

3. Result and discussion

DE, defined by the difference between the measured
and the nominal dimensions, is utilized to reflect the
dimensional accuracy. For example, the thin-wall DE
equals the measured wall thickness minus the constant
design wall thickness, and the intervening gap DE is
calculated by the measured gap distance minus the
nominal gap distance (e.g., 200, 400, or 600 um). In
this study, DE analysis was limited to wall thickness
and inter-wall gaps, as these directly govern functional
accuracy. DE values associated with wall height, which
is primarily dictated by top-surface variations and layer
count, were not considered. Given the large height-to-
thickness ratio (>15) in this study, fluctuations in wall
height are negligible compared with errors in vertical wall
thickness and gap dimensions. Figure 6 summarizes the
DE of printed thin walls and the intervening gaps across
all build conditions. The interpretation of the results
is discussed in detail, regarding the effects of power,
scanning path, sample orientation, and gap distance.
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3.1. Role of laser power on surface roughness and
dimensional accuracy

As shown in Figure 6, thin-wall DE generally increases
with laser power, while gap DE decreases proportionally,
reflecting the increase in thin-wall thickness. As the
laser power increased, the cross-sectional melt pool
morphology transformed from a small ellipse shape to a
larger half-ellipse shape with a larger overlapping region of
surrounding melt pools. To examine the details, Figure 7
depicts the melt pool morphology and surface features
under G600_S2 conditions. Meanwhile, the melt pool areas
(calculated by the pixel size in each figure and decided by
the melt pool width and depth) and the vertical surface
Ra are presented in Table 2. The average melt pool area
increased significantly from 3,842 um? to 9,662 um? as the

Table 2. Melt pool area and surface roughness of vertical
surface for G200_S2 thin walls

Thin walls Melt pool area (um?) Ra (um)
P260_G200_S2 3,842+1,452 13.94+0.79
P440_G200_S2 6,399+996 19.32+0.36
P620_G200_S2 9,662+2,481 21.35+4.43
B 400
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Figure 6. The DE as a function of the laser power. (A) Thin-wall DE for samples printed parallel to the gas flow, (B) thin-wall DE perpendicular to the gas
flow, (C) DE of intervening gaps for samples printed parallel to the gas flow, and (D) DE of intervening gaps perpendicular to the gas flow.

Abbreviation: DE: Dimensional error.
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P440_G600_S2

.{

P260_G600_S2

P620_G600_S2

Figure 7. Thin-wall cross-sections (A-C) and topography for top surfaces (D-F) under group G600_S2 (the dashed line indicates the nominal geometry).
(A and D) P260_G600_S2, (b and e) P440_G600_S2, (C and F) P620_G600_S2. Scale bar: 500 im; magnification: 500x. The top row shows a zoomed-in

view of the middle wall in each group. Scale bar: 100 um; magnification: 1000x.

laser power increased from 260 W to 620 W. The increase
in the melt pool size under higher laser power directly led
to an increase in thin-wall thickness.

Higher power also alters vertical surface morphology.
Enlarged melt pools promoted instability and spherical
protrusion formation, increasing Ra from 13.94 um to
21.35 um. With low laser power at 260 W, a stable melt
pool led to a better surface finish, where the melt tracks
and partially attached particles dominated the side
surface features (Figure 7A). As the power increases,
the surface roughness worsens. Protrusions, as seen
in Figure 7B and C, are typically referred to as the
dross.**** They dominate the side surface quality at 620 W
conditions. The formation of dross is attributed to the
asymmetric heat dissipation near the surface region. Since
powder between walls impedes heat dissipation, it resulted
in an asymmetric and large melt pool.* As the powder is
absorbed by the melts and the physical support from the
powder base diminishes, the enlarged melt pool migrates
toward it, promoting the formation of dross.”” As observed
in Figure 7C, dross protruded beyond the intended thin-
wall geometry, further supporting that the melt pool
migration is responsible for its formation and the resultant
rough surfaces. Consequently, average wall thickness rose
from 304.3 um to 422.9 um (DE = 104.3 um to 222.9 um)
between 260 W and 620 W.

3.2. Role of scan path

As shown in Figure 6A and B, thin-wall DEs manufactured
without contour scanning (Scan Path 1, solid lines, ranging

from 165.6 um to 347.8 um) consistently surpassed those
produced with a 50 um offset distance contour (Scan
Path 2, dashed lines, ranging from 91.9 um to 199.7 um).
Consequently, the gap DE without contour was constantly
lower (solid lines in Figure 6C and D). As an example, with
a fixed gap distance of 400 um, the samples with Scan Path
1 (Figure 8A-C) have thicker walls than those under the
Scan Path 2 (Figure 8D-F). The application of an inner
offset, as shown in (Figure 4A) Scan Path 2 (52), minimizes
the scanning region and naturally compensates for the
geometry expansion (melt pool extents out of the laser
scanning paths). Larger overlaps with the inner hatches
also restrict the melt pool migration, leading to less dross
formation and better dimensional accuracy in the final
products. In addition, the increase in thin-wall DE with
rising laser power is evident in Figure 8. With and without
contour scans, a more stable melt pool under low power
conditions is preferred to minimize the expansion beyond
the nominal geometry (Figure 8A and D). In contrast,
higher power produces larger melt pools that not only
increase wall thickness but also promote dross formation,
thereby degrading surface quality (Figure 8C and D).

Such observation strongly indicates that the application
of an inner offset can enhance printing precision in thin-
wall geometries. Without or with a low offset distance,
the melt pool naturally increases the thin-wall thickness.
In contrast, an excessive offset distance may lead to a lack
of fusion between contour and hatch scans, which could
compromise the mechanical properties of the product.
The optimal contour offset is therefore strongly dependent
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Figure 8. (A-F) Cross-section views of thin walls under different process conditions and scan paths. Scale bar: 500 pm; magnification: 500x.

on laser parameters. To balance vertical surface quality
and fusion integrity, a relatively low energy density that is
achieved through reduced power or increased scan speed
should be used to suppress dross formation. Meanwhile,
the offset distance should not exceed the combined melt
pool widths of contour and hatch scans. For example,
when using a low-power contour followed by low-power
hatching, a smaller offset is recommended to avoid lack-
of-fusion defects. In contrast, higher hatch energy density
(e.g., high power) warrants both increased offset and
contour power to mitigate dross formation from the hatch
scans.

3.3.The impact of print orientation

Figure 6A and B show the thin-wall DEs printed in two
orientations, both exhibiting a consistent increasing
trend with laser power and a close proximity in the
values of each data point across both orientations.
A similar pattern is also observed in Figures 6C and D
for gap DEs. The differences in thin-wall DEs between
orientations are quantified in Figure 9A, which compares
corresponding data points from Figure 6A and B. Across
all gap sizes (black square = 200 um, red dot = 400 um,
blue triangle = 600 wm) and both scan paths (solid and
dashed lines), DE differences exhibited both negative and
positive values and ranged from -33.2 um to +33.2 um.
The maximal relative error was also < 9.5% of the overall
thin-wall DE range (91.9-347.8 um in Figure 6), including
the measurement errors and process instabilities. This
suggests that print orientation has only a limited influence
on the dimensional accuracy of both thin walls and gaps.

To further validate the significance of print orientation
statistically, a three-way analysis of variance was conducted
on the DE data based on Scan Path 1 (data shown in Figure 6),
with laser power (three levels), gap distance (three levels),
and printing orientation (two levels) as factors. The results
are summarized in Table 3. Both laser power (p<0.0001)
and scan path (p=0.0053) were found to be statistically
significant contributors to DE (the underlying mechanisms
are discussed in Sections 3.1 and 3.3), while print orientation
is not significant (p=0.5841). These findings quantitatively
confirm the experimental observation that orientation
effects are negligible in this study.

Both the magnitude and variability (error bars) of DEs
increased with higher laser power for both thin walls and
gaps, as shown in Figure 9A and B. This increase is likely
due to greater melt pool instability at elevated power levels.
Figure 10 presents cross-sectional views of thin walls
fabricated with the two print orientations without contour
scanning. Within each column of Figure 10, comparable
dimensional accuracies and geometrical features are
observed, with differences of < 4% between orientations,
aligning with the trends in Figure 9. For example, at 260
W conditions, the surfaces are dominated by the melt
track mitigations (Figure 10A and D). As the laser power
increased, the wall gaps diminished, with voids randomly
distributed between walls (Figure 10C and D). Although
previous studies have reported that the slider recoating
direction impacts the powder size distribution,*®* the
results in this study suggest that both recoating direction
and gas flow direction exert limited influence on the final
geometric accuracy of thin walls and intervening gaps.
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Figure 9. The difference in DEs between the two printing orientations. (A) Thin-wall thickness and (B) gap distance.
Abbreviation: DE: Dimensional error.
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Figure 10. (A-D) Optical images of samples from cross-section view with print orientations parallel or perpendicular to the gas flow direction.

Scale bar: 500 pm; magnification: 500x.
Abbreviation: DE: Dimensional error.

Table 3. Three-way analysis of variance for dimensional error

Source Sum of squares Degrees of freedom Mean square F p (Prob>F)
Laser power 37,085.5 2 18,542.8 28.98 <0.0001
Gap distance 10,718.5 2 5,359.3 8.38 0.0053
Orientation 202.5 1 202.5 0.32 0.5841

3.4. The impact of gap distance

Three nominal gap distances (0.2 mm, 0.4 mm, and
0.6 mm) were examined to assess their influence on
dimensional accuracy. Figure 11 shows the increase in
melt pool migration as the gap distance widens under

P440_R_S1and P620_R_S1 conditions. At the smallest gap
(0.2 mm in Figure 11A and D), adjacent walls coalesce at
high laser power, restricting inward melt pool expansion.
Under such conditions, the designed gap is eliminated
entirely, representing a functional failure of the part.
As the nominal gap increases, the constraint on melt pool
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Figure 11. (A-F) Cross-sectional view under different nominal gap distances. Scale bar: 500 um; magnification: 500x.

migration decreases, enabling more pronounced lateral
flow and dross formation along the vertical surfaces. This
increased thin-wall DE and slowed gap widening, resulting
in smaller gap DE values (Figure 6C and D).

Given that the absolute values of DE at G200 were lower,
but the gap was closed, Figure 12 presents the relative DEs
for the gaps printed with two different orientations. At
large gaps and high power, for example, P620_G600_R_S1
(Figure 11F), the actual gap was 216.7 wm, corresponding
to an absolute DE of -383.3 wm (-64% relative DE). At
smaller gaps, absolute DE decreased (-200 pm at G200),
but relative DE reached -100% due to wall coalescence. This
highlights that the final actual gap distance is determined by
the extent of melt pool migration (especially at high power
conditions) and the nominal gap distance, suggesting that
a suitable design tolerance should be considered based on
print conditions. To further provide general guidance, the
final gap distance can be estimated as (Equation II):

D =D-D,, -D (11

offset w
where the D denotes the final gap distance between
thin walls, D, is the nominal gap distance, D, is the
contour offset distance (negative value as inward offset and
positive value for outward offset) or the distances of the
outermost hatch line from the nominal wall boundary if
no contour is applied, and D is the melt pool width of the

contour scan or outermost hatch track.

Under an ideal scenario, when the inward offset equals
the melt pool width, D = D,;, resulting in minimal error.
Note that, at high energy density (e.g., 620 W, 1,466.6 mm/s
in this study), contour scans promote dross formation,

which leads to large variations in surface roughness
(exemplified in Figure 7C). To reduce the gap distance
error and its variability, low energy density conditions
with reduced laser power are recommended (e.g., 260W,
1,466.6 mm/s in Figure 7A). However, when hatch scans
are conducted at high power conditions, low-energy
contour scans may not fully overlap with the hatch tracks.
In such cases, an increased inward offset distance would be
applied to accommodate the extension of the hatch melt
pool beyond the contour track.

While the present work was conducted at a fixed scan
speed, hatch spacing, and layer thickness, the representative
process parameters under different laser power illustrate
three representative regimes of vertical-surface formation:*
(i) Stable melt pools dominated by partially melted
particles, (ii) Highly unstable melt pools where lateral
migration produces dross, and (iii) Intermediate states
between the two. Although the exact roughness values and
wall thickness will vary under different process windows,
the underlying mechanisms by which melt pool behaviors
govern vertical surface quality and accuracy remain
broadly valid. In this context, the guideline to reduce the
DE, such as adopting an appropriate inward contour offset
based on the melt pool behavior, is applicable to different
process conditions.

The data in Figure 12A and B show minimal
differences between orientations, reinforcing the earlier
conclusion that print orientation plays a limited role.
Moreover, the impact of the nominal wall distance on
heat accumulation and melt pool temperature (expansion
and migration) has been found to be limited due to the
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Figure 12. Relative DE of thin-wall structures: (A) gap printed parallel to the gas flow direction, and (B) gap printed perpendicularly to the gas flow

direction
Abbreviation: DE: Dimensional error.

similarity of melt pool dimensions in different nominal
gap distance conditions.

3.5. Surface characteristics in thin walls and cubes

In addition to vertical surfaces, the top-surface
quality and dimensional accuracy are also important
performance metrics, yet are rarely discussed. As seen in
Figures 7, 8, 10, and 11, the 260 W condition produces
insufficient energy input, resulting in disconnected melt
tracks and valley formation that dominate the top surface.
At higher laser powers, such as 440 W and 620 W, large
humps, approximately 200 um in height, form on the top
surface and dominate the top surface feature, as marked
in Figure 7E and E These humps originate from melt pool
migration from previous tracks, which disrupts uniform
powder distribution in the subsequent layers, reduces melt
pool stability for the later tracks, and degrades surface
quality.>*

In contrast to previous studies,’** where higher laser
power improved top-surface finish in cube samples,
the present work observes opposite behavior for thin
walls. To verify these differences, 10 x 10 x 10 mm?® cube
samples were fabricated using identical parameters. As
shown in Figure 13, the larger melt pool and overlapping
region in cube samples reduce the melt pool instability
and smooth the top surface (Ra decreasing from
31.27 um to 12.06 wm) with the laser power increases
(260 W to 620 W). This improvement arises from
enhanced wetting between melt pools and prior layers,
aided by larger contact areas, lower viscosity, and longer
solidification times that promote gravity-driven leveling
and centrifugal Marangoni flow (under low sulfur and
oxygen content in stainless steel*). In addition, repeated
remelting from subsequent high-power scans further
smooth the surface by eliminating the top surface

Top surface

- 5
260 W 1,466.7 mm/s
Vertical surface Ra 13.63 + 3.1 ym

3

| 440 W1,466.7 mm/s
S\ | Vertical surface Ra 22.98 + 0.15 ym

| Vertical surface Ra 23.99 + 0.86 um

W2 Top surface Ra 12.06 +2.71 ym 100 pm

Figure 13. The cross-sectional views of the top and vertical surface regions
of the cube samples. (A) 260W 1,466.7 mm/s, (B) 440 W 1,466.7 mm/s,
(C) 620 W 1,466.7 mm/s. Scale bar: 100 wm; magnification: 1000x.

humps. However, these stabilizing and remelting effects
are absent in thin-wall builds. The limited number of
scan tracks amplifies track-to-track interactions and
produces large variations in melt pool dimensions due to
pronounced local geometry changes, which in turn alter
solidification conditions. Melt pool migration, combined
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with possible powder denudation at vertical edges, could
also lead to uneven powder distribution near thin walls,
further disrupting melt pool stability at the top surface
and resulting in a poorer top surface finish, as shown
in Figure 7C and F. Increasing wall thickness promotes
melt pool stabilization as the melt progresses, explaining
why cube samples exhibit improved top surfaces under
higher power while thin walls do not.

For vertical surfaces, however, both cubes and thin
walls exhibited similar trends: Ra increased with laser
power due to dross formation, rising from 13.61 um to
23.99 um in cubes and from 13.94 um to 21.35 um in thin
walls. This similarity suggests that cube samples can serve
as a useful proxy for optimizing vertical-surface quality
and dimensional accuracy in thin-wall manufacturing.
Notably, surface quality and dimensional accuracy are
more critical on vertical surfaces compared to top surfaces
in thin-wall applications.

Overall, achieving better dimensional accuracy in
thin-wall geometries and their intervening gaps requires
careful integration of print conditions and design
parameters. As sufficient energy for hatch scans must be
maintained to achieve fully dense walls, an appropriate
hatch-contour offset can minimize thin-wall DE. To
achieve a desired intervening gap dimension, the melt
pool expansion and migration need to be accommodated
with the designed contour offset distance, particularly in
high-power contour scans. This is especially important
when rougher surface quality is acceptable or preferred
for specific applications.

4, Conclusion

This study systematically examined the effects of laser
power, scanning paths, print orientation, and nominal
gap distance on surface quality and dimensional
accuracy in thin-wall structures of 316L stainless steel
in LPBE. Dominant surface characteristics and their
formation mechanisms were identified for both top and
vertical surfaces and direct comparisons were made
with cube geometries fabricated under identical process
conditions.

Higher power and larger scanned areas increased
vertical surface roughness and DE due to melt pool
migration and dross formation. Dross protrusions at
wall edges provided direct evidence of lateral melt pool
movement along vertical surfaces. In addition, applying a
modest inward hatch offset with a contour scan reduced
melt pool migration, suppressed dross formation, and
improved dimensional accuracy. Offsets that are too small
permit overbuilding, while excessive offsets risk lack-of-

fusion defects; optimal values should reflect laser energy
density and melt pool width.

Orientation relative to the gas-flow/recoating
direction had a negligible influence on dimensional
accuracy or surface quality under the tested conditions.
The actual gap size was jointly determined by melt pool
migration and the nominal design. Small gaps may
close entirely under high-power conditions, while larger
gaps remain open but are reduced by lateral melt flow.
Appropriate design tolerances are essential, especially
for high-energy scans.

In high-power conditions, cube samples exhibited
smoother top surfaces than thin walls due to improved
melt pool wetting, larger overlap, and repeated remelting.
Thin walls lack these stabilizing effects due to denudation
and powder redistribution near vertical edges, leading to
reduced top-surface quality. Vertical surface roughness
trends, however, were similar in both geometries,
making cubes a suitable proxy for optimizing side-wall
conditions.

These results clarify the interplay between
processing parameters, geometry, and feature spacing
in determining surface roughness and dimensional
accuracy in thin-wall LPBE. They provide a framework
for localized process control, enabling geometry-specific
optimization of surface quality and dimensional accuracy
to meet functional requirements in complex additive
manufacturing components.
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